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A B S T R A C T This study was designed to determine
whether human hearts release adenosine, a possible reg-
ulator of coronary flow, during temporary myocardial
ischemia and, if so, to examine the mechanisms involved.
Release of adenosine from canine hearts had been re-
ported during reactive hyperemia following brief coro-
nary occlusion, and we initially confirmed this observa-
tion in six dogs hearts. Angina was then produced in 15
patients with anginal syndrome and severe coronary
atherosclerosis by rapid atrial pacing during diagnostic
studies. In 13 of these patients, adenosine appeared in
coronary sinus blood, at a mean level of 40 nmol/100 ml
blood (SE = ±9). In 11 of these 13, adenosine was not
detectable in control or recovery samples; when mea-
sured, there was concomitant production of lactate and
minimal leakage of K+, but no significant release of cre-
atine phosphokinase, lactic acid dehydrogenase, creatine,
or Na+.
There was no detectable release of adenosine by hearts

during pacing or exercise in three control groups of pa-
tients: nine with anginal syndrome and severe coronary
atherosclerosis who did not develop angina or produce
lactate during rapid pacing, five with normal coronaries
and no myocardial disease, and three with normal coro-
naries but with left ventricular failure.
The results indicate that human hearts release sig-

nificant amounts of adenosine during severe regional
myocardial ischemia and anaerobic metabolism. Adeno-
sine release might provide a useful supplementary index
of the early effects of ischemia on myocardial metabo-
lism, and might influence regional coronary flow during
or after angina pectoris.
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INTRODUCTION
In human hearts with restricted coronary circulation,
temporary increases in oxygen needs can produce angina
pectoris, changes in electrical repolarization, and the
release of lactate and potassium into coronary venous
blood (1). In animals, temporary myocardial ischemia
has also been shown to cause release of inorganic phos-
phate (2) as well as adenosine, inosine, and hypo-
xanthine (3). The release of adenosine is of particular
interest, both as an index of the effects of ischemia on
myocardial purines and as a possible regulator of coro-
nary blood flow. Adenosine is a potent coronary vaso-
dilator, has a rich pool of precursors within myocardial
cells, readily crosses cell membranes, is quickly de-
graded, is present in the well oxygenated myocardium at
low basal levels, and increases during ischemia (3, 4,
5). The nucleotide precursors of adenosine are more
potent vasodilators (6), but do not diffuse 'freely from
normal cells; the degradation products of adenosine,
inosine and hypoxanthine, are diffusible but do not in-
crease coronary flow (3).
Adenosine appeared in coronary sinus (CS) 1 blood

when reactive hyperemia was induced in canine hearts
by transient coronary occlusion (3). Although there is
no direct evidence that adenosine increases coronary
flow in man, dipyridamole, which inhibits the uptake
and degradation of adenosine by cells, is a potent coro-
nary vasodilator (7).

In these studies, we initially confirmed the observation
that, in dogs, adenosine appears in CS blood after tran-
sient ischemia, and then we examined an analogous situ-
ation in man. In patients with severe coronary athero-

1Abbreviations used in this paper: c-AMP, cyclic 3'5'-
AMP; CPK, creatine phosphokinase; Cr, creatine; CS, coro-
nary sinus; LDH, lactic acid dehydrogenase; Pi, inorganic
phosphate.
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sclerosis, we found that adenosine was released in sig-
nificant amounts when angina and concomitant lactate
production were induced by rapid atrial pacing.

METHODS

Studies in dogs
Studies were preliminary and were designed to perfect

techniques and to confirm earlier work (3). CS blood (75-
140 ml) was collected from open-chest animals during con-
trol periods and during evident reactive hyperemia induced
by transient tightening of coronary arterial ligatures. CS
blood was also collected after production of myocardial in-
farction, to demonstrate that rises in serum creatine phos-
phokinase (CPK), lactic acid dehydrogenase (LDH), and
creatine (Cr) could be detected by our methods.

Studies in man
Studies were made during routine diagnostic cardiac

catheterizations, performed with the informed consent of
the patients. These studies did not interfere with, nor un-
duly delay, requisite procedures. Four groups were studied,
group A: patients with histories of angina pectoris and
with significant (at least 75%) obstruction of one or more
major coronary arteries, as demonstrated by selective an-
giography, who developed definite angina pectoris on pac-
ing; group B: patients with similar histories and similar
degrees of coronary artery disease who developed no an-
gina or only questionable chest discomfort on pacing;
group C: patients with no significant coronary artery dis-
ease or hemodynamic abnormalities who were catheterized
because of questionable angina or heart disease; group D:
patients with no coronary artery disease who were in
severe heart failure.
Coronary venous blood was obtained through a no. 7

pacing catheter positioned in the CS at 2 cm beyond the
orifice. Six samples of 15 ml were rapidly drawn into
syringes containing 25 ml of chilled heparinized saline. An-
giographic procedures followed sampling of blood, since
even small amounts of the contrast medium, meglumine
diatrizoate, interfered with separation of nucleosides by
chromatography. Femoral arterial blood was sampled
through cannulas inserted by the Seldinger technique.
The ventricular rate was accelerated by increments of 10

beats/min until definite anginal pain or atrioventricular
block appeared. The intensity of the anginal pain relative
to the patient's previous pain pattern was evaluated through
close questioning by two observers and was roughly
scored on a scale of 1+ to 4+. Pacing was continued in
most experiments for 1-2 min during the rapid collection
of CS blood. In a few instances, when angina was very
severe, the rate was lowered and collection of CS blood
was rapidly completed as pain subsided. When anginal pain
did not appear or was questionable and unaccompanied by
electrocardiographic changes, pacing was continued at rates
between 140 and 180/min for 10 min and collections were
made during continued tachycardia.

Control samples of 90 ml of CS blood were collected in
an identical fashion for measurement of adenosine, either
before pacing or at 10 min after complete recovery from
angina. Heart rates during these collections were always
at resting levels, and were generally less than half the
rate required to produce angina. In two patients with no
coronary artery disease who were included as controls,
exercise on a bicycle ergometer was substituted for atrial

pacing during hemodynamic studies and caused similar in-
creases in heart rate.
For measurement of lactate before, during, and after

angina, samples of blood from the CS and the femoral
artery were simultaneously collected into cold 6% perchloric
acid. Small samples of CS blood were also collected for
measurement of CPK, LDH, Cr, cyclic 3',5'-AMP (c-
AMP), inorganic phosphate (Pi), Nat, and K+.

Analytic techniques
Rapid processing of blood samples was essential to

minimize uptake of adenosine by red cells. The procedure
was modified from that described by Rubio, Berne, and
Katori (3). The diluted samples of chilled heparinized
blood were centrifuged at 40C for 5 min at 1,800g. The
supernates were heated at 1000 C for 10 min to denature
proteins, which were separated at 24,500g. Samples had to
be concentrated considerably because of the low concen-
trations of adenosine in human blood. The supernate and
washings of the precipitates were ultrafiltered through a
Diaflo UM-2 membrane (Amicon Corp., Lexington, Mass.)
to remove material over mol wt 1,000. This improved ad-
sorption of the nucleosides contained in 90 ml of blood onto
2 g of highly purified Norite A charcoal. The charcoal
was collected on a no. 40 Whatman filter and washed with
water until free of salts; nucleosides were eluted by shak-
ing in 3% NH40H-60% ethanol for 10 h at 370C. The
charcoal was washed with ethanol to remove all material
absorbing at 260 nm, and fine particles were removed by
filtration through a Millipore membrane. Filtrates were
flash-evaporated to dryness and redissolved in 1 or 2 ml
of 50% ethanol at pH 10. Either all or one half of this
was streaked on thin layer (0/5 mm) plates of the ion ex-
change resin, Selectacel-P (Schleicher and Schuell, Inc.,
Keene, N. H.), and developed at 4°C with 15% ethanol at
pH 7.0. Separated nucleosides were identified under UV
light by their migrations relative to known standards and
were eluted. Eluates were lyophilized in test tubes and
redissolved in H20 or in 0.05 N NaOH for hypoxanthine.
The identity and purity of each eluted streak was confirmed
on a second plate by development with 25% ethanol at pH 10.
When eluates showed background absorbance which inter-
fered with the spectrophotometric assay, unidentified blood
chromagens were further removed by a second development.

Adenosine. Adenosine was measured with a micro-
modification of the adenosine deaminase technique described
by Kalckar (8). Assays were made with a Beckman D-U
spectrophotometer (Beckman Instruments, Inc., Fullerton,
Calif.), using a reaction mixture of 400 pl and sample
volumes of 50 or 100 /Al, representing 1/4 to 1/16 of the
original sample. Accurate measurement required changes
in absorbance at 260 nm greater than 0/01. The enzymatic
technique could precisely measure 1.0 nmol of adenosine.
Standards containing 10 nmol of adenosine were measured
enzymatically during each experimental assay and were
regularly recovered at 90% or more. Duplicate enzymatic
assays of all experimental samples agreed to within 10%o.
The assay was linear with respect to concentration and was
not affected by addition of ATP, ADP, or AMP, which
were well separated from adenosine during thin layer chro-
matography.

Recoveries of adenosine standards
Adenosine added to saline. Adenosine added to saline at

levels of 60, 100, and 120 nmol/100 ml was carried through
the concentration process and recovered in a range of
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65-80%. Studies with ["C] adenosine showed that most
losses occurred during elution from charcoal and during
flash evaporation.
Adenosine added to human blood. Adenosine added to

human blood was recovered in a range of 42-55%, corre-
sponding to the results of others (3). To duplicate experi-
mental conditions, standards were added to saline in the
syringes used to collect systemic venous blood. The in-
dividual rates of recovery were: (a) 95 nmol/90 ml (four
studies): 53 and 50% from duplicate samples; 47 and 44%
from duplicate samples, (b) 80 nmol/30 ml (one study):
55%, (c) 60 nmol/30 ml (two studies): 50 and 46% from
separate samples, (d) 26 nmol/90 ml (two studies): 42%
from duplicate samples, (e) 11.8 nmol/90 ml (two studies):
46 and 48% from duplicate samples. Recoveries from whole
blood were not improved significantly by addition of di-
pyridamole alone or in combination with inhibitors of aden-
osine deaminase such as p-chloromercuribenzoate, 8-azagua-
nine, or sodium mercaptomerin. Concentrations of adenosine
below 10 nmol/100 ml of blood were detectable but could not
be reliably measured, despite the sensitivity of the enzymatic
assay, because of the high background absorbance of the blood
concentrates. No adenosine was detected in systemic ven-
ous blood in two duplicate samples of 90 ml or in four
separate samples of 40 ml each. Adenosine was not de-
tected in dilute hemolysates prepared from two samples of
10 ml of human blood.

Inosine and hypoxanthine. Inosine and hypoxanthine
were qualitatively identified on the thin layer plates but
were not regularly eluted and measured enzymatically,
since our principal concern was to identify adenosine, the
vasoactive nucleoside. Recoveries of 300 nmol standards of
these nucleosides from two 90-ml samples of whole blood
were 60 and 70%.

Lactate, creatine, and serum Nas and K+. Lactate was
measured enzymatically in duplicate samples of deprotein-
ized blood (9) ; the values were- averaged and reported as
the conventional lactate extraction ratio, (A-CS/A) X 100.
Negative values for this ratio, or a marked shift from
previously positive values, indicate production of lactate by
the heart. Creatine was measured enzymatically (10) in
plasma samples which were rapidly separated from chilled
blood, ultrafiltered, and extracted repeatedly with ether
to remove pyruvic acid (11). Results from duplicate sam-
ples agreed within 90%. CPK and LDH were measured
enzymatically in duplicate (10, 12). Normal values for
LDH were from 100 to 350 U/ml, and for CPK from 0 to 12
U/ml of serum. Serum Na+ and K+ were measured by
flame photometry using lithium as an internal standard.;
The levels of these substances in CS blood during angina

pectoris were compared with levels found during control
or recovery periods in each patient and evaluated both
as pairs and in groups by Student's t test.
P4 and c-AMP. Pi was measured in protein-free filtrates

of serum by the calorimetric stannous chloride method
(13), with a reproducibility of 95%. c-AMP was measured
in deproteinized serum by competitive protein binding (14);
the normal mean level in systemic venous serum was 39.8
pmol/ml (SE±7.8).

RESULTS

Studies in dogs
In six animals studied during reactive hyperemia,

adenosine was found in CS blood at levels similar to

those reported by Rubio et al. (3). Inosine and hypo-
xanthine were qualitatively identified in all hyperemic
samples but were assayed enzymatically in only two
studies; the levels again approximated those reported
earlier (3). Cr was measured in three animals during
reactive hyperemia and was not increased. After produc-
tion of myocardial infarction in these and other animals,
CPK and LDH rose sharply, and Cr doubled in CS
blood.

Studies in man
GROUP A
Angina pectoris. Angina pectoris was induced by

rapid atrial pacing in 14 patients with positive clinical
histories (Table I). In one patient with severe unstable
angina, pain occurred spontaneously (Table I, no. 10).
Changes in electrical repolarization usually accompanied
angina. All patients had severe obstructive coronary ar-
tery disease. Patients 3, 4, 8, 13, and 14 had significant
stenosis of three major coronary arteries; patients 1,
2, 6, 7, 9, 10, 11, 12, and 15 had significant stenosis of
two; patient 5 had significant stenosis of one artery.
-Adenosine. Adenosine was found in CS blood sam-

pled from 13 of these 15 patients during angina (Table
I) in significant concentrations ranging from 5 to 120
nmol/100 ml of whole blood. No adenosine was found in
CS blood from one patient (no. 8) during definite anginal
pain; in another patient (no. 2), an amount was found
which was at the lower limits of detection by the analytic
technique. Control samples of CS blood were collected
from nine patients before pacing and from four patients
at 10 min after complete recovery from angina. Adenosine
was detectable before pacing only in patient no. 5, and
at a low concentration; it persisted after recovery from
pain only in the patient with spontaneous angina.

Lactate, CPK, LDH, Na+, and potassium. Lactate
was produced in significant amounts during angina by
12 of the 13 patients in whom it was measured, as indi-
cated by a shift to a negative or markedly decreased
myocardial lactate extraction ratio. All patients who pro-
duced adenosine produced lactate concomitantly, when
it was measured (Table I, Fig. 1). However, patients
nos. 8 and 2, who released no adenosine or a trivial
amount during angina, nevertheless produced significant
amounts of lactate. Patient no. 13 continued to produce
lactate after recovery from angina (Table I, Figure 1).
CPK, LDH, and Nat in CS blood did not increase sig-
nificantly during angina. Potassium was slightly higher
in CS blood during angina in 10 of '13 patients in whom
paired samples were examined; the differences between
paired samples were of borderline significance, with P <
0.05. Arterial levels were not measured. Cr was higher
in CS blood during angina in 7 of 13 patients studied,
but the increases were not statistically significant.
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TABLE I
Patients with Anginal Syndrome and Severe Coronary Atherosclerosis: Definite Angina and Production

of Lactate Induced by Rapid Atrial Pacing

Cs

Enzymes

Patient Conditions* Adenosine Lactate CPK LDH Creatine Na K+

umol/ (A-CS/A) U/ml serum iSmol/100 ml meqililer serum
100 ml
blood

9

X 100

2 -21%

+1%
ND _
76

ND
27

+55%
-60%

+58%
4 +24%
9 0%

+21%

plasma

2.67

2.10
2.90

2.63
3.70

3.24
4.32

146 4.5

216
162

216
270

130 5.8
132 5.7

1.8 132 4.2
2.1 134 4.3

280 1.7 138 4.5
320 2.1 142 4.8

6. M, 51 Control
Angina

(4+, 125)
7. M, 66 Control

Angina
(4+, 120)

Recovery
8. M, 48 Control

Angina
(2+, 200)

Recovery

9. M, 59 Control
Angina

(4+, 140)
Recovery

10. M, 58 Control
Spontaneous
Angina (4+)

Recovery

11. F, 61 Control
Angina

(4+, 148)
Recovery

12. M, 51 Control
Angina

(2+, 176)
Recovery

ND
46

ND
13

ND
ND

+77%
- 19%

+34%
-65%

+13%
+23%
-26%

+23%
+15%

36 -32%

I;D +12%

+14%
83 -48%

44 +12%

1.;D +21%
35 -78%

0%

ND

5

+21%
-6%

-26%

3.24
3.51

3.24
2.72

2.16
1.62

3.24

3.78

5.40

6.50

2.16
2.16

2.72
3.78

206 1.3 139 2.8
166 1.3 142 2.8

280 1.7 135 4.4
260 2.1 137 4.5

156 3.7 138 5.0
173 3.5 138 4.6

290 2.3 136 5.3

257 2.2 135 4.7

310

363

180
210

270
300

1.5 138 4.6

1.9 139 4.5

0.8
3.0

1.8 130 3.9
2.0 131 4.1
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1. M, 63

2. M, 64

3. F. 67

4. M, 55
(Before
bypass)

5. M, 44

Angina
(3+, 130)

Angina
(2+, 150)

Recovery

Control
Angina

(4+, 180)
Control
Angina
(3+, 160)

Recovery
Control
Angina

(2+, 176)
Recovery

11,

b



TABLE I-(Continued)

Cs

Enzymes

Patient Conditions* Adenosine Lactate CPK LDH Creatine Na+ Ke

,mol/ (A-CS/A) U/ml serum pmol/100 ml meqiliter serum
100 ml X 100 plasma
blood

13. M, 49 Control ND +10% 2.70 263 3.8 140 4.1
Angina 85 -121% 2.70 260 2.3 135 4.5

(3+, 158)
Recovery -35%

14. M, 35 Control +16%
Angina 120 -65% 3.79 323 3.3 138 4.4

(4+, 175)
Recovery ND +43% 3.79 270 1.7 138 4.2

15. M, 55 Control +15%
Angina 50 -32% 1.08 380 7.5 136 4.9

(4+, 120)
Recovery ND +12% 1.62 320 3.7 136 4.2

Means and SE
Control and Recovery 3.743.3 +22%44 3.0740.34 252416 2.240.3 136±1 4.4±0.2

Angina 4049 -44%±9 3.10±0.29 263±19 2.8±0.5 137±1 4.5±t0.2

Significance P < 0.001 P < 0.001 NSt NS NS NS P < 0.05

* The intensity of anginal pain (1+ to 4+) and the ventricular
trol and recovery rates were all at resting levels and usually less
t ND = Not detectable; NS, not significant.

Of four patients examined (no. 8, 9, 10, and 15), only
nos. 10 and 15 produced inosine and hypoxanthine dur-
ing angina and in very small amounts, in contrast to
the findings after transient ischemia in dogs (3).
Pi and c-AMP. Pi was measured in CS plasma from

patients 8, 9, and 15 and was increased slightly during
angina. Control values were 2.5, 1.6, and 1.9 mg/100 ml
serum; during angina the corresponding values were
3.2, 3.0, and 2.7 mg/100 ml serum.
c-AMP was measured in CS blood in patients 9, 10,

and 15 and was unchanged during angina. Control
values were 44.2, 40, and 32.4 pmol/ml; during angina,
the values were 42, 42, and 32.4 pmol/ml, respectively.

Control groups
GROUP B

Nine patients with histories of angina pectoris and
with significant obstructive coronary artery disease de-
veloped no angina or only questionable angina during
atrial pacing equivalent to or exceeding the rates and
durations which caused angina in the preceding group.
None of these patients produced significant amounts of

rate at which it was induced are indicated in parentheses. Con-
than one-half the paced rates.

lactate, and none released detectable levels of adenosine
(Table II). No significant changes occurred during
pacing in CS levels of LDH, CPK, Cr, Na', or Ki
(Table II). In patient no. 8, control blood contained
51 pmol c-AMP/ml and 2.7 mg Pi/100 ml; with pacing,
the levels were unchanged, at 51 pmol c-AMP/ml and
2.9 mg Pi/100 ml.

Patients 2, 3, and 6 had severe stenoses of three major
coronary arteries; patients 1 and 9 had severe stenoses
of two; patients 7 and 8 had severe stenosis of one
major artery. Patient 6 had recurrent angina despite
previous direct myocardial implantation of both internal
mammary arteries. The extent of coronary artery dis-
ease in these seven patients did not, therefore, differ
substantially from that in the patients of group A (Table
I) who developed angina during pacing. Patient 5 had
a single saphenous vein graft, bypassing an isolated
severe obstruction of the anterior descending coronary
artery. Patient 4 in Tables I and II is the same in-
dividual and of interest. He produced adenosine and
lactate during angina induced by pacing before saphe-
nous vein bypass of three coronary arteries. 12 days
after bypass, when his heart was paced at an equal rate,
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FIGURE 1 (A) Relationships between adenosine content of CS blood and myocardial lactate
extraction ratio during control period and during angina induced by atrial pacing. (B) Similar
relationships during angina and during recovery period. Production of lactate during angina,
indicated by a negative extraction ratio or a marked shift from a positive value, was associated
with production of adenosine in 11 of 12 patients. Of eight control samples, one contained a
small amount of adenosine. Of four recovery samples, the one containing adenosine was from
a patient with preinfarction angina (*). Adenosine levels of (0) indicate that adenosine was
not detectable by the analytic techniques used.

he did not develop angina, produced far less lactate
and no adenosine.

GROUP C

Five patients with questionable histories of angina or

heart disease had normal coronary arteries and no sig-
nificant heart disease. Three were subjected to rapid
atrial pacing equivalent in rate and duration to that in
the preceding two groups; two exercised strenuously on

bicycle ergometers and achieved high ventricular rates
(Table III). None of this group produced lactate or

released detectable amounts of adenosine, and none

showed significant increases in CS levels of LDH, CPK,
or Cr during pacing or exercise (Table III).

GROUP D

Four patients with severe congestive heart failure and
normal coronary arteriograms were studied to determine
whether ventricular failure by itself could cause release
of adenosine. All had elevated left ventricular diastolic
pressures; (A-V)02 differences were elevated at rest in

three and widened abnormally in all, with exercise or

pacing. None released detectable amounts of adenosine
at rest, during rapid pacing, or during exercise (Table
IV). In patient no. 3, who had severe alcoholic cardio-
myopathy, levels of CPK and K+ were elevated in CS
blood, but adenosine was not detected.

DISCUSSION

The identification of adenosine in coronary venous blood
was conclusive. Other nucleosides and nucleotides were

separated chromatographically and did not affect the
specific enzymatic assay. Hemolysis was an unlikely
source, since erythrocytes contain no detectable adeno-
sine, have high concentrations of adenosine deaminase
(15, 16), and did not yield adenosine after hemolysis.
The concentrations of adenosine recovered during in-
duced angina equalled or exceeded those recovered from
dog hearts in the. immediate postischemic period by
others (3) and by us. Although we had anticipated
greater loss of adenosine in human studies, because of
slower sampling through long cardiac catheters, this was
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TABLE I I
Patients with Anginal Syndrome and Severe Coronary Atherosclerosis: No Angina, or Questionable Angina,

and No Production of Lactate Induced by Rapid Atrial Pacing

CS blood

Enzymes

Patient Conditions* ' Adenosine Lactate CPK LDH Creatine Na+ K+

smol/ (A-CS/A) U/ml serum pimol/ meqlliter serum

Control
Paced (140)
Recovery

100 ml
blood

ND:
ND

X 100

+23%
+37%
+38%

- ~~~~100ml
plasma

5.4 240 3.5
3.8 327 0.4

136
131

3.9
3.8

ND +15%
ND +12%

2.9 290 0.6 133 4.0
2.7 385 0.5 135 4.0

+14%

ND +22%
ND +17%

+32%

ND
ND

+13%
-3%
+7%

9 +55%
ND +76%

+24%
ND +15%

+32%

ND +21%
ND +30%

+46%

4.2 147
4.2 147

3.24
2.72

4.85
3.78

3.8
3.1

280 2.0 132 4.4
260 2.0 133 4.4

290
250

2.0 131 4.3
2.1 134 4.5

6.5

5.9

4.32
4.32

160

240 0.9
243 0.9

ND +27%
ND +17%

2.7 320 3.5 141 4.2
4.3 280 4.9 137 4.2

9; M, 56

Means and SE

Control
Paced (150)

(4angina)

Control and Recovery
Paced

Significance

ND +20%
ND +19% 2.7 200

ND +26%43 4.1940.54 246422 2.3140.53 13542 4.240.1
ND +25%d8 3.8940.47 262 26 1.99i0.72 13441 4.2d:0.1

NS NS NS NS NS NS NS

Release of Adenosine by Heart during Induced Angina

1. M, 57

2. M, 48 Control
Paced (180)

(Eangina)
Recovery

3. M, 29

4. M, 55
(13 days
after by-
pass)

5. M, 41
(6 mo
after by-
pass)

6. M, 60
Previous
vineberg

7. M, 51

Control
Paced (180)
Recovery

Control
Paced (160)
Recovery

Control
Paced (160)

Control
Paced (130)

(4angina)
Recovery

Control
Paced (150)

(4angina)
Recovery

8. M, 51 Control
AF (144)

(4iangina)

* Ventricular rate induced by atrial pacing is indicated in parentheses. Maximal tachycardia was maintained for 10 min. Control
and recovery rates were all at resting levels and less than one-half the paced rate.
t ND = not detectable; NS, not significant.
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TABLE I I I
Patients with No Significant Coronary Atherosclerosis or Hemodynamic Abnormalities

CS blood

Enzymes

Patient Conditions* Adenosine Lactate CPK LDH Creatine Nay Ke

nmol/ (A-CS/A) U/ml serum pmol/ mcg/liter serum

1. M, 20
(Idiopathic
clubbing)

2. F, 57
(minimal
mitrial re-
gurgitation

3. M, 31
(? history
of angina)

4. F, 59
(? history
of angina)

5. M, 46
( ? history
of angina)

Control
Exercise (16 min

at 180)

Control
Exercise (6 min

at 120)

Control
Paced (10 min

at 160)
Recovery

Control
Paced (10 min

at 130)
Recovery

Control
Paced (10 min

at 136)

100 ml
blood

ND:

ND

ND
ND

ND
ND

ND
ND

x 100 100 ml
plasma

7.03 197
- 3.89 183

3.35 131
- 3.0 129

- 2.60 336
0% 5.60 383

137 4.3
139 4.3

+30%

+29% 2.16 163 1.0 138 4.6
+11% 3.25 170 1.3 139 4.7

+30%

+29% 2.16 330
+48% 3.25 360

135 4.7
134 4.4

* Duration of ventricular rate induced by pacing or-exercise
ND = Not detectable.

apparently minimized by rapid collection and processing
of blood. Since we did not detect significant amounts of
inosine or hypoxanthine in man, it is possible that these
nucleosides were not released in the amounts found in
dogs (3) and that degradation of adenosine was not the
cause of the systematic 50% losses from whole blood.

Because of the limits of sensitivity of the analytic
methods, it is impossible to state that adenosine was
totally absent from CS blood obtained before angina
or after recovery, or from the control groups at rest or
during pacing and exercise. In the latter groups it is
possible that increases in total coronary flow may have
caused dilution of whatever adenosine was released to
undetectable levels. These data do not, therefore, permit
conclusions as to the physiologic role of adenosine as a
metabolic vasoregulator in normal hearts. However, the
release of adenosine from arteriosclerotic hearts during
induction of severe regional ischemia was definite.
The appearance of adenosine in CS blood during an-

gina probably reflected increased concentrations of the
nucleoside in the myocardium. Direct measurements ot

is indicated in parentheses.

adenosine levels in dog hearts have shown that coronary
occlusions for 15 s raised regional concentrations from
0/32 to 1.82 nmol/g, (5); in rats, levels rose from
6 to 128 nmol/g after 20 min of ischemia (17). If the
levels of adenosine found in CS blood during angina
are corrected for losses during analysis, calculated esti-
mates of corresponding levels in myocardial interstitial
fluid approach or exceed 56 nmol/100 ml, a level which
produced maximum increases in 'blood flow in dogs
after intracoronary injection (3).
During angina pectoris, the wide variation in levels

of adenosine and lactate in CS blood could have re-
flected true differences in release of these substances or
variable sampling due to the positions of catheters rela-
tive to coronary veins draining ischemic and non-
ischemic areas (18). It was not unexpected that some
patients with histories of angina and with significant
coronary stenoses did not develop angina during pro-
longed pacing. Patients with similar patterns of major
coronary arterial stenoses often have different thresholds
to angina (19). This may reflect differences between
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TABLE IV
Patients with No Coronary Atherosclerosis in Severe Heart Failure

CS

Enzymes

Patient Conditions* Adenosine Lactate CPK LDH Creatine Na+ K+

nmol/100 ml (A-CS/C) U/100 ml serum jAmol/ meqiliter serum
blood X 100 100 ml plasma

1. M, 34 Control ND: +10% 7.6 137 127 3.1
(A-V) 02 4.9 Exercise ND +50% 3.8 217 129 3.1
cardiomyopathy 16 min (110)

2. M, 57 Control ND +39% 1.6 470
(A-V) 02 6.2 Paced (140) ND +41% 2.2 390
cardiomyopathy

3. M, 42 Control ND +18% 8.3 627 1.8 121 6.0
(A-V) 02 8.4 Paced (120) ND +17%
cardiomyopathy

4. M, 49 Rest ND 1.75 333 128 4.1
(A-V) 02 8.0
Al, MR, CHF

* Ventricular rate induced by pacing or exercise is indicated in parentheses.
t ND = Not detectable.

individuals in the mass of ischemic tissue, in collateral
circulation, in patterns of nutrient flow, or in regional
metabolic requirements.

It is not clear whether the release of adenosine from
the myocardium during ischemia reflects increased pro-
duction of adenosine or leakage due to a specific increase
in cell-wall permeability. Lactate production during is-
chemia probably reflects an increase in production and
in transmembrane concentration gradients (20). Our
findings indicate that there is at least a temporal rela-
tionship between ischemia, adenosine release, and lac-
tate production. The absence of concomitant release of
cytoplasmic enzymes suggests only that major damage
to cell membranes was unlikely. Since patients with
manifest left ventricular failure and normal coronary
arteries did not produce adenosine, it was also unlikely
that ventricular failure, per se, caused adenosine release
during angina.
The release of adenosine during angina may prove

useful as a sensitive supplemental index of the effects
of regional ischemia on myocardial metabolism in clini-
cal situations such as unstable angina or questionable
infarction. Regional ischemia causes a prompt change
in cell membrane potential, a loss of K+, a shift to anae-
robiosis with production of lactate, and, as high energy
phosphates are hydrolyzed, a loss of orthophosphate (1,
2). The increases we found in orthophosphate during
angina in three patients permit no definite conclusions,
but are consistent with changes noted in venous blood

from ischemic canine hearts (2). Similarly, we mea-
sured Cr in CS blood as a possible index of increased
intracellular levels of diffusible free Cr, produced early
in ischemia by rapid hydrolysis of CrP, which is not
diffusible (21, 22). Although there was a trend to re-
lease of Cr during angina, the increases were not statis-
tically significant.

Fig. 2 depicts some of the processes which may regu-
late adenosine levels in the myocardial cell. A fall in re-
gional levels of ATP during ischemia (22, 23, 24) may
favor conversion of AMP to adenosine by 5'-nucleoti-
dase and decreases conversion to IMP by adenylate de-

-ATP--

( Po)2 Po2

AMP IMP
ADENYLATE

I DEAMINASE I
5'- NUCLEOT'IDASE

, ADENOSINE
DEAMINASE

ADENOSINE - INOSINE
FIGURE 2 Possible mechanisms for regulation of levels of
adenosine in the heart. Production of adenosine is favored
by a fall in Po2, causing a decrease in ATP, a rise in AMP,
and increased activity of 5'-nucleotidase. Production of IMP
from AMP is favored at normal levels of ATP.
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aminase (25, 26). Activity of 5'-nucleotidase is highest
at cell walls and in perivascular cells (27, 28). Adeno-
sine produced in these areas may dilate resistance vessels
and then may be metabolized rapidly by red cell adeno-
sine deaminase, removed by the venous effluent, or re-
turned to myocardial cells by facilitated diffusion (29).
During recovery from myocardial ischemia, the syn-
thesis of nucleotides increases, perhaps to compensate
for prior losses (30).
The mechanism by which adenosine dilates coronary

arteries is not clear. Adenosine is probably one of many
metabolic vasoregulators which act in concert to relax
vascular smooth muscle in response to increased myo-
cardial oxygen needs (31). The action of adenosine is
potentiated by low Po2 (32, 33) and may be mediated by
"purinergic" nerve endings (34). It does not cause in-
creased myocardial oxygen consumption, and high con-
centrations are negatively inotropic (35, 36). Al-
though high levels of adenosine inhibit 3',5'-phospho-
diesterase (37), we found no increases in c-AMP in
coronary venous blood samples taken at the time of
adenosine release. The role of adenosine as a metabolic
vasoregulator has been questioned, since neither amino-
phylline, a blocker of the vasodilator effects of infused
adenosine, nor lidoflazine, a potentiator, altered post-
ischemic reactive hyperemia (38); but these drugs may
not reach the intracellular sites of endogenous adenosine
production.
During angina, the pattern of changes in total coro-

nary flow and its intramyocardial distribution are not
well established; these were not examined during adeno-
sine release in this study. Total coronary flow may in-
crease during induced angina, perhaps as flow is in-
creased to marginally ischemic areas by metabolically
induced vasodilators (39), or it may decrease (40, 41).
Recent investigations with precordial imaging techniques
suggest that regional flow to the most ischemic areas
may decrease during angina (42, 43).
The release of adenosine found in both man and dog

(3) was related to transient myocardial ischemia pro-
duced by different but analogous means. Rapid pacing
in man induced angina by increasing myocardial oxygen
needs in the presence of severe restrictions to coronary
flow. Reactive hyperemia was induced in dogs by tem-
porary restriction of coronary flow, but the hyperemic
response, like angina, is related to heart rate and oxygen
consumption (35, 44) and is accompanied by lactate
production (45) . Reactive hyperemia has also been
demonstrated in human hearts after brief occlusion and
release of functioning coronary artery bypass grafts
during surgery (46, 47).

It seems reasonable to speculate that if adenosine is
truly an effective vasodilator in man, the large amounts
released during, and perhaps immediately after, induced

angina may have physiologic effects. Adenosine released
from ischemic areas, where vasodilation is already maxi-
mal, may diffuse to marginally ischemic zones where
the resultant increase in blood flow may help protect
jeopardized cells. Similarly, as the reversible ischemia
of angina subsides, washout of adenosine might augment
regional flow and delivery of oxygen and might expedite
removal of accumulated metabolites in a pattern analo-
gous to reactive hyperemia in the dog. Improved meth-
ods for analysis of adenosine in smaller samples of blood
(48) may permit more precise assessment in man of the
sequential relationships between acute ischemia, evidence
of anaerobic metabolism, the release of adenosine, and
possible changes in regional myocardial perfusion.
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